Hippocampal oscillations arise from coordinated activity among distinct 24 populations of neurons and are associated with cognitive functions and 25 behaviors. Although much progress has been made toward identifying the 26 relative contribution of specific neuronal populations in hippocampal oscillations, 27 far less is known about the role of hippocampal area CA2, which is thought to 28 support social aspects of episodic memory. Furthermore, the little existing 29 evidence on the role of CA2 in oscillations has led to conflicting conclusions. 30 Therefore, we sought to identify the specific contribution of CA2 pyramidal 31 neurons to brain oscillations using a controlled experimental system. We used 32 excitatory and inhibitory DREADDs in transgenic mice to acutely and reversibly 33 manipulate CA2 pyramidal cell activity. Here, we report on the role of CA2 in 34 hippocampal-prefrontal cortical network oscillations and social behavior. We 35 found that excitation or inhibition of CA2 pyramidal cells bidirectionally regulated 36 hippocampal and prefrontal cortical low gamma oscillations and inversely 37 modulated hippocampal ripple oscillations. Further, CA2 inhibition impaired social 38 approach behavior. These findings support a role for CA2 in low gamma 39 generation and ripple modulation within the hippocampus and underscore the 40 importance of CA2 neuronal activity in extrahippocampal oscillations and social 41 behavior. 42 43 44
Area CA2 of the hippocampus has become appreciated as a distinct subfield of 45 hippocampus based on several molecular, synaptic, anatomical, and functional 46
properties (see 1 for review). We and others have recently identified similarities 47 and differences between CA2 and the neighboring CA1 and CA3 subfields based 48 on action potential firing in vivo [2] [3] [4] [5] [6] . In addition to action potential firing, another 49 form of neuronal communication is achieved through synchronized oscillations 7 , 50 which reflect the summated electrical activity of a population of neurons and can 51 be detected in local field potentials (LFPs). CA1 and CA3 networks propagate 52 oscillations in three primary frequency bands: theta (~5-10 Hz), gamma (~30-100 53 Hz) and sharp-wave ripples (~100-250 Hz). A few studies have reported 54
properties of network oscillations in CA2 6, 8, 9 , but none of them have examined 55 CA2 gamma oscillations or the impact of CA2 oscillations on extrahippocampal 56 structures. 57 58
In the hippocampus, high and low gamma oscillations are thought to arise from 59 two distinct sources and likely play separate roles in memory 10 . High gamma 60 (~60-100 Hz) oscillations in CA1 are prevalent in stratum lacunosum-61 moleculare 11 , co-occur with high gamma oscillations in medial entorhinal cortex 62 (MEC) 10 , and are impaired by lesioning of EC 12 , leading to the conclusion that 63 high gamma oscillations arise from MEC. High gamma is thought to contribute to 64 memory encoding because high gamma power is increased upon exploration of 65 novel stimuli 13, 14 . Low gamma (~30-55 Hz) oscillations in CA1 are prevalent in 66 stratum radiatum 11 , synchronize with low gamma in CA3 15 , and become more 67 evident upon EC lesioning 12 , supporting the conclusion that low gamma 68 oscillations arise from CA3. Low gamma oscillations are believed to promote 69 memory retrieval because the magnitude of low gamma coupling to theta 70 oscillations correlates with performance on learned behavioral tasks 16, 17 . 71
Interestingly, complete silencing of the synaptic output of CA3 with tetanus toxin 72 light chain does not completely impair low gamma oscillations 18 , suggesting the 73 presence of another source of low gamma oscillations. 74 75
Another prominent oscillation seen in hippocampus is sharp-wave ripple 76 oscillations, which are high frequency (~100-250 Hz), short-duration electrical 77 events prominently seen in LFP recordings from CA1 during awake immobility 78 and slow wave sleep 19 . Sharp waves are thought to arise from the synchronous 79 firing of CA3 pyramidal cells, which depolarizes the apical dendrites of CA1 80 pyramidal cells. The synchronous CA3 firing recruits excitatory and inhibitory 81 neurons in CA1 to generate ripples 19, 20 . A role for CA2 neurons in sharp-wave 82 ripples has recently been suggested based on three in vivo electrophysiology 83 studies 6, 8, 9 , although consensus has not been reached on the precise role that 84 these neurons play. Kay et al. found that CA2 is the only hippocampal subregion 85
to have a substantial population of neurons that cease firing during ripples 86 (termed 'N cells'), whereas nearly all pyramidal cells queried in neighboring 87 subfields fired during ripples. Although not associated with ripples, these N cells 88 fired at high rates during low running speed or immobility 6 . Oliva et al. later 89
reported that CA2 pyramidal cell activity ramps up before the onset of sharp-90 wave ripples, leading these authors to conclude that CA2 neurons play a leading 91 role in ripple generation. Based on our finding that increasing activity of CA2 neurons in hM3Dq-254 expressing mice increased low gamma power in hippocampus and PFC, we 255 hypothesized that inhibition of CA2 pyramidal neurons with hM4Di would 256 decrease gamma power. As a control experiment to ascertain whether hM4Di 257 would decrease CA2 synaptic output in our system, we infused Amigo2-258 icreERT2+ mice with AAV-EF1a-DIO-hChR2(H134R)-EYFP (ChR2) and hM4Di 259
AAVs, treated animals with tamoxifen, and then implanted the animals with fiber 260 optic probes in CA2 and electrode bundles in the ipsilateral intermediate CA1. Fig. 5Aiv, Fig. 5F ). However, 283 modulation index, a measure of theta phase, gamma amplitude coupling, was not 284 significantly affected by CNO administration during running (t(7)=2.07, p=0.0772; two-285 tailed paired t-test, data not shown). We also found a significant increase in beta power 286 during running following CNO administration compared with vehicle (t(7)=2.401, 287
p=0.0474, two-tailed paired t-test, Fig. 5Aiii ). Treatment with CNO did not affect theta 288 or high gamma power during running and did not affect power in any of these 289 frequency bands during periods of rest ( Fig. 5A-B were not powered to detect differences due to sex, a sex-specific difference 347 emerged: the effect of CA2 inhibition on social approach appeared to be driven 348 exclusively by the male animals ( Fig. 7C) 
360
Prepulse inhibition of acoustic stimuli and spatial working memory were also 361 assessed in hM4Di-infused Amigo2-icreERT2+ and Amigo2-icreERT2-mice 362 administered CNO (5 mg/kg, IP; Fig. S12 ). We failed to detect any significant 363 differences between Amigo2-icreERT2+ and Amigo2-icreERT2-mice in any of 364 the prepulse inhibition measures (Fig. S12A-C) . To assess spatial working 365 memory, the number and percent of spontaneous alternations were measured 366 while animals explored a Y-maze. Again, we found no differences between 367
Amigo2-icreERT2+ and Amigo2-icreERT2-mice in this measure of working 368 memory ( Fig. S12D-F procedure or testing at the time of beginning the experiments described here. 515
Mice were group-housed until the time of electrode implantation for those mice 516 undergoing electrode implantation surgery, at which point they were singly 517 housed. All procedures were approved by the NIEHS Animal Care and Use 518
Committee and were in accordance with the National Institutes of Health 519 guidelines for care and use of animals. 520 521
Generation of transgenic Amigo2-icreERT2 522
The BAC clone RP23-288P18 was used to generate these mice. To recombine 523 the cDNA encoding an icreERT2 fusion protein 54 into the BAC, we constructed a 524 targeting vector from which we derived a targeting fragment for recombineering.
525
The targeting fragment consisted of a 243 bp homology region (A-Box) 526
immediately upstream of the ATG in the Amigo2 gene. The icreERT2 cassette 527 was fused to the A-Box replacing the Amigo2 ATG with the icre ATG preceded 528 with a perfect KOZAK sequence. At the 3' end of the icreERT2 cassette a 529 synthetic bovine growth hormone (BGH) polyadenylation signal was added after 530 the STOP codon. For selection of recombined BACs, a flipase-site flanked 531 neomycin resistance gene was incorporated into the targeting fragment following 532 the icreERT2 cassette. Finally, the 3' end of the targeting fragment contained a 533 263 bp homology region (B-Box) starting downstream of the Amigo2 ATG.
534
Recombineering was performed according to a previously described protocol 55 .
535
In brief, the targeting fragment was electroporated into induced EL250 bacteria 536 harboring the Amigo2 BAC. Recombined colonies were selected on 537
Chloramphenicol/Kanamycin plates and screened by colony PCR. The neo gene 538 was removed from the recombined BAC by arabinose driven flipase expression. 539 540
Recombined BACs without the neo marker were linearized by restriction enzyme 541 digestion, gel purified and electro-eluted from the gel slice. After filter dialysis 542 with a Millipore VSWP02500 filter, the BAC fragment concentration was adjusted 543 to 1 ng/µl and microinjected into pronuclei of B6SJLF1 mouse oocytes (Taconic, 544
North America). Six independent founder mice resulted, which were bred to 545 ROSA-tdTomato indicator mice. Resulting offspring that genotyped positive for 546 both Cre and tdTomato were treated with tamoxifen (Sigma, 100 mg/kg daily 547 administration, IP, 7 days of treatment). At least one week following the final 548 treatment with tamoxifen, mice were perfused with 4% paraformaldehyde and 549 brains were sectioned and examined for tdTomato expression. Two lines showed 550 adult expression of icreERT2 in CA2; one showed sparse expression in dentate 551 gyrus and was not used in this study, ChR2 AAV) and hM4Di mixed in a centrifuge tube. For virus-infusion surgery, 588 mice were anesthetized with ketamine (100 mg/kg, IP) and xylazine (7 mg/kg, 589 IP), then placed in a stereotaxic apparatus. An incision was made in the scalp, a 590 hole was drilled over each target region for AAV infusion, and a 27-ga cannula 591 connected to a Hamilton syringe by a length of tube was lowered into 592 hippocampus (in mm: -2.3 AP, +/-2.5 ML, -1.9 mm DV from bregma). Amigo2-593 icreERT2 mice were infused unilaterally on the left side for hM3Dq AAV infusion, 594 bilaterally for hM4Di AAV, or unilaterally on the left side for ChR2/hM4Di infusion.
595
For each infusion, 0.5 μl was infused at a rate of 0.1 μl/min. Following infusion, 596 the cannula was left in place for an additional 10 minutes before removing. The 597 scalp was then sutured and the animals administered buprenorphine (0.1 mg/kg, 598 SQ) for pain and returned to their cage. Two weeks following AAV infusion 599 surgery, Amigo2-icreERT2 mice began daily tamoxifen treatments (100 mg/kg 600 tamoxifen dissolved in warmed corn oil, IP) for a total of 7 days. At least one 601 week following the last dose of tamoxifen, animals were euthanized and perfused 602 with 4% paraformaldehyde for anatomical studies, or underwent electrode (and 603 fiber optic probe for ChR2/hM4Di mice) implantation surgery, or were transferred 604 to the University of North Carolina Mouse Behavioral Phenotyping Laboratory in 605
Chapel Hill, NC. At least three weeks was allowed to elapse between the last 606 dose of tamoxifen and the beginning of the behavioral studies. 607 608
Electrode Implantation 609
At least one week after the last tamoxifen treatment, mice for in vivo 610 electrophysiology were implanted with electrode arrays. Mice were anesthetized 611 with ketamine (100 mg/kg, IP) and xylazine (7 mg/kg, IP), then placed in a 612 stereotaxic apparatus. An incision was made in the scalp, and the skull was 613 cleaned and dried. One ground screw (positioned approximately 4 mm posterior 614 and 2 mm lateral to Bregma over the right hemisphere) and four anchors were 615 secured to the skull and electrode arrays were then lowered into drilled holes 616 over the target brain regions. Electrode wires were connected to a printed circuit 617 board (San Francisco Circuits, San Mateo, CA), which was connected to a 618 miniature connector (Omnetics Connector Corporation, Minneapolis, MN). For all 619 but one mouse that was implanted with tetrodes, electrodes consisted of 620 stainless steel wire (44-μm) with polyimide coating (Sandvik Group, Stockholm, 621 Sweden). Wires were bundled into groups of 8 and lowered to target regions. In 622 11 Amigo2-icreERT2 mice infused with hM3Dq AAV (7 Cre+, 4 Cre-) and 8 623
Amigo2-icreERT2 mice infused to hM4Di AAV (2 Cre+, 6 Cre-), electrode arrays 624 were implanted into the left dorsal hippocampus, targeting CA2/proximal CA1 (in 625 mm: -2.06 AP, -2.5 ML, -1.9 DV from bregma), the right dorsal hippocampus 626 targeting CA1 (-1.94 AP, +1.5 ML, -1.5 DV from bregma), and the left PFC (+1.78 627 AP, -0.25 ML, -2.35 DV from bregma). In 4 Amigo2-icreERT2 mice infused with 628 hM4Di AAV (4 Cre+), electrodes were lowered into left dorsal hippocampus 629 targeting CA2/proximal CA1 (-2.06 AP, -2.5 ML, -1.9 DV from bregma), left PFC 630 (+1.78 AP, -0.25 ML, -2.35 DV from bregma) and left intermediate hippocampus 631
targeting CA1 (-2.92 AP, 2.75 ML, 2.1 DV from bregma). In 3 Amigo2-icreERT2 632 mice infused with hM3Dq AAV (3 Cre+), electrodes were implanted in left dorsal 633 hippocampus targeting CA2/proximal CA1 only (-2.06 AP, -2.5 ML, -1.9 DV from 634 bregma). In 2 Amigo2-icreERT2 mice infused with hM4Di AAV (2 Cre+), 635 electrodes were implanted in left hippocampus targeting CA1 only (-1.94 AP, 636 +1.5 ML, -1.25 DV from bregma. In one Amigo2-icreERT2+ infused with hM3Dq 637 AAV, a bundle of 8 tetrodes was lowered into the left hippocampus targeting 638 CA2/proximal CA1 (-2.06 AP, -2.5 ML, -1.9 DV from bregma) for monitoring 639 changes in single unit firing rate upon CNO administration. In 2 Amigo2-640 icreERT2+ mice infused with ChR2/hM4Di AAV, a fiber optic probe was 641
implanted into left CA2 (-1.95 AP, -2.25 ML, -1.65 DV from bregma) and a wire 642 bundle was implanted into left intermediate CA1 (-3.08 AP, -2.75 ML, -2.0 DV 643 from bregma).
Histology 646
Animals used for histology were euthanized with Fatal Plus (sodium 647 pentobarbital, 50 mg/mL; >100 mg/kg) and underwent transcardial perfusion with 648 4% paraformaldehyde. Brains were then cryoprotected in 30% sucrose PBS for 649 at least 72 hours and sectioned with a cryostat or vibratome at 40 μm. 650 651
For immunohistochemistry, brain sections were rinsed in PBS, boiled in 652 deionized water for 3 min, and blocked for at least 1 h in 3-5% normal goat 653 serum/0.01% Tween 20 PBS. Sections were incubated in the following primary 654 antibodies, which have previously been validated in mouse brain 21, 29 : rabbit anti-655 PCP4 (SCBT, sc-74186, 1:500), rabbit anti-CaMKII alpha (Abcam, ab131468, 656 1:250), rat anti-mCherry (Life Technologies, M11217, 1:500-1:1000), mouse 657 anti-cre (Millipore, 3120, 1:5000), mouse anti-calbindin (Swant, D-28k, 1:500).
658
Antibodies were diluted in blocking solution and sections were incubated for 24 h.
659
After several rinses in PBS/Tween, sections were incubated in secondary 660
antibodies (Alexa goat anti-mouse 488 and Alexa goat anti-rabbit 568, Alexa 661
Goat anti-rat 568, Invitrogen, 1:500) for 2 h. Finally, sections were washed in 662 PBS/Tween and mounted under ProLong Gold Antifade fluorescence media with 663 DAPI (Invitrogen). Images of whole-brain sections were acquired with a slide 664 scanner using the Aperio Scanscope FL Scanner, (Leica Biosystems Inc.). The 665 slide scanner uses a monochrome TDI line-scan camera, with a PC-controlled 666 mercury light source to capture high resolution, seamless digital fluorescent 667 images. Images of hippocampi were acquired on a Zeiss 780 meta confocal 668 microscope using a 40× oil-immersion lens. Counts were made of cells 669 expressing the Cre-dependent tdTomato fluorescent reporter. Five Amigo2-670 icreERT2+; ROSA-tdTomato +/-mice were used for this analysis with 3-5 50-μm 671 sections per animal spanning the anterior-posterior extent of CA2. Sections were 672 stained for PCP4 and colocalization of PCP4 with tdTomato was assessed in a 673 total of 5,248 cells. 674 675
Neurophysiological data acquisition and behavioral tracking 676
Neural activity was transmitted via a 32-channel wireless 10× gain headstage 677 (Triangle BioSystems International, Durham, NC) and was acquired using the 678 Cerebus acquisition system (Blackrock Microsystems, Salt Lake City, UT).
679
Continuous LFP data were band-pass filtered at 0.3-500 Hz and stored at 680 1,000 Hz. Single unit data were sampled at 30 kHz and high-pass filtered at 681 250 Hz. Neurophysiological recordings were referenced to a silver wire 682 connected to a ground screw secured in the posterior parietal bone 683 (approximately 4 mm posterior to bregma, 2 mm lateral). To confirm that gamma 684 power activity recorded in hippocampus and PFC were not artifacts of differential 685 recording between the active electrode and the ground screw, in some animals, 686 one wire per bundle targeting hippocampus or PFC, was positioned either in the 687 cortex above hippocampus or in the striatum lateral to PFC. Referencing signals 688 to these short or lateral wires showed LFPs that increased or decreased in 689 gamma power upon CNO administration to hM3Dq or hM4Di-infused mice, 690 respectively, similar to recordings that were referenced to the ground screw. After this habituation period, the test mouse was enclosed in the center 837 compartment of the social test box, and an unfamiliar C57BL/6J "stranger" was 838 placed in one of the side chambers. The unfamiliar mouse was enclosed in a 839
small Plexiglass cage drilled with holes, which allowed nose contact, but 840 prevented fighting. An identical empty Plexiglass cage was placed in the opposite 841 side of the chamber. Following placement of the unfamiliar mouse in the empty 842 cage, the doors were re-opened, and the subject was allowed to explore the 843 entire social test box for a ten-minute session. 844 845
Prepulse Inhibition: Prepulse inhibition of acoustic startle responses, an index of 846 sensorimotor gating, was measured using an SR-LAB system (San Diego 847
Instruments, San Diego, CA). hM4Di AAV-infused animals were administered 848 CNO 30 minutes before beginning the prepulse inhibition assay. Mice were 849 placed inside the animal enclosure fitted to the size of the animal. The sound 850 proof chamber was then closed and the 20-min session begun. Background 851 white noise at 70 dB occurred throughout the session except during pre-pulse 852 and pulse stimuli. Pre-pulse stimuli were 73, 76 or 82 dB, 20 msec long, and 853 presented 100 msec before the pulse, which was 120 dB and 40 msec long.
854
Movements initiated by pulse stimuli were transduced into startle amplitude. A 855 session started with a 5-min acclimation period followed by three consecutive 856 blocks of trials. The first and last blocks consisted of six pulse-alone trials. The 857 middle block consisted of 52 pulse alone, prepulse+pulse, and no-stimulus 858 (background white noise only) trials in a pseudo-randomized order. The no-859 stimulus trials were incorporated to measure basal movement of the animal.
860
Each trial was separated by a random, variable 15-sec inter-trial interval. Each 861 trial started with a 50 msec null period and ended with a 200 msec recording 862 period. 863 864
Spontaneous alternation: hM4Di AAV-infused mice were tested in the 865 spontaneous alternation task using a Y maze (Med Associates, consisting of 866 three 36.83 × 7.5 cm runways covered with removable clear Plexiglass). Red 867 lights at 3-5 lux illuminated the room, and visual cues were positioned on all four 868 walls at a height above the maze. At the start of a trial, the Plexiglass was 869 removed from the top of one arm of the Y-maze, a mouse was placed on a distal 870 end of the arm, and the Plexiglass was replaced. After a 10-sec delay, the door 871 separating the arm from the rest of the maze was opened, and the mouse was 872 allowed to explore the maze freely for 8 min. Trials were videotaped, and an 873 experimenter blind to the genotype scored entries of the mouse into arms during 874 the 8-min trial. Entry into an arm required all four limbs to be within the arm. An 875 alternation was scored when an animal entered three different arms sequentially. 
